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ABSTRACT

To obtain a high velocity, coherent, propulsive water

jet, proper nozzle design is required. Existing high per-

formance nozzles are considered, and a selected design is

tested to provide optimization and performance data in the

form of velocity and thrust loss with increasing jet stand-

off. An expression is developed to predict the velocity

loss using an empirical friction factor value determined

from the data.
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I. INTRODUCTION

High speed mass transit systems are rapidly becoming

a requirement to accommodate the transportation needs of

cities and suburban areas. Current designs offer small

to moderate increases over conventional railroad trans-

portation, but future speeds of over 200 miles per hour

are envisioned.

When these high speeds are considered, propulsion by

driving wheels is ruled out because of traction limits, and

propeller or jet engine thrust is unattractive because of

the attendant noise and fumes. Additionally, the physical

size and weight of onboard equipment to attain these speeds

becomes a problem. Unconventional systems being seriously

researched are linear induction and pressure-differential

"transit tubes".

Another concept, proposed by Beckwith [Ref. 1], is

that of hydraulic propulsion. It is essentially a linear

hydraulic impulse turbine using high velocity water jets

as the power fluid. The jet nozzles would be fixed in the

roadbed and impinge on buckets mounted on the underside of

the vehicle as shown in Fig. 1. Expended water would be

collected in a trench and recycled, thereby minimizing

overall water consumption. For a 150,000 pound, 200 pas-

senger, streamlined vehicle capable of 250 miles per hour,

a full-speed propulsive force of 3,700 pounds is required.

This assumes an aerodynamic drag coefficient of 0.3 and





air cushion support for the vehicle. The propulsive

force can be obtained with a water jet velocity of twice

the vehicle speed, or 500 miles per hour, thus allowing

expended water to "drop" into the trench at zero velocity.

The pressure needed is 3620 psi, and allowing for 80 per

cent efficiency of the nozzles, five nozzles of 0.125 in. 2

area each would be required per train length. At passenger

terminals, a much higher thrust is needed for startup and

acceleration. Assuming an acceleration of 0.5 g, a force

of 75,000 lbs. is required. This would be accomplished by

increasing the number of nozzles and taking advantage of

the higher thrust per nozzle for vehicle speeds below 250

miles per hour. For example, at half speed the thrust is

1-1/2 times that at full speed; when stationary, it is twice

the full speed thrust.
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Fig. 1: Proposed Propulsion System (after Ref. 1)





Water would be supplied by pumping stations spaced

every 30 miles and connected by six or seven in. high pres-

sure piping. By providing an air "accumulator" for energy

storage in the form of large diameter piping of sufficient

length, pumps could be rated for continuous operation and

would require two 3500 horsepower pumps per station for one-

way train service. For two-way service, station spacing

would be 15 miles apart. Pressure losses are estimated at

10 per cent, but cross connection between stations would

help reduce these losses.

Advantages of the overall concept cited by the proposer

are:

1. No onboard propulsion equipment, thus greatly reducing

overall vehicle weight. Air cushion support would be

on each vehicle.

2. Low vehicle noise and exhaust emission compared to

propellers or jet engines.

3. Existing, commercially available equipment is used

for the propulsion system.

4. Large "moving-to-stationary-part" clearances are

permitted.

5. A one-way capacity of 3300 passengers per hour; two-

way capacity of 6600 (pumping stations at 15 miles

spacing)

.

Development of an effective method of switching indi-

vidual nozzles on and off is required. Timing is quite

critical for this operation since at 250 miles per hour, a

200 foot vehicle would pass one nozzle in a little more than

1/2 second.





Other likely problem areas in implementing the proposed

design would be those of nozzle positioning relative to the

vehicle's buckets, and the design of a nozzle to give high

performance. These last two facets of the system were

considered and studied to provide some insight into their

possible design.





II. STATEMENT OF THE PROBLEM

The description of the proposed transit system as a

"linear hydraulic impulse turbine" provides a good image

of the way in which the power fluid is used to drive the

vehicles, yet there is an important difference in the

manner in which the buckets receive the water jet. In

normal turbine wheel applications, each bucket swings

through an arc and is thus conveniently brought into line

with the water jet axis. It then passes out of alignment

just as the succeeding bucket swings into the jet axis.

For the linear case, unless the "track" is continuously

curving, the buckets must pass across the axis of the water

jet, which establishes a different set of requirements:

1. A shallow angle between jet axis and the direction

of bucket travel is desired to obtain maximum thrust

in the direction of travel. Conversely, steep angles

would reduce thrust in the direction of travel and

also give rise to considerable side forces. These

are undesirable and, unless utilized to aid vehicle

support, unusable.

2. Allowing for clearance between the moving buckets and

the nozzle means that the jet will not contact the

bucket until it has moved an appreciable distance

beyond the nozzle. For example, a clearance of one

in. and an angle of five degrees delays contact for

11.5 in.





3. The buckets should not pass directly above the

nozzle, since the expended water will then drop

into the path of the jet and interfere with it.

Based upon these requirements, the nozzles should be

placed to the side of the buckets to allow expended water

to drop free. This would give rise to side forces, which

could be balanced by using four or six paired nozzles per

vehicle, impinging on a double row of buckets. Also, a

shallow angle requires that the jet travel over long dis-

tances in a coherent form, since any loss to spray or break-

up results in loss of momentum and, therefore, vehicle

thrust. Shorter jet travel could be obtained by closely

spaced buckets; however, this would be uneconomical if

proper nozzle design could provide the desired jet quality

of coherence. Finally, a widely spreading jet cannot be

tolerated since portions of it would not be properly turned

by the bucket, resulting in inefficient bucket performance.

A. RESEARCH OBJECTIVES

The research was directed towards selecting and testing

a nozzle design that would provide a jet which was stable

and coherent over a long distance. Selection was made from

successful designs in related high velocity water jet appli-

cations. To permit evaluation of the nozzle design, a test-

ing facility had to be conceived and built. Within the

limits of equipment and resources available, the research

was to be scaled to match actual conditions of the proposed

10





transit system. When a Jet of the required coherence had

been obtained, its performance was to be compared with that

predicted by a simplified mathematical model.

11





III. LITERATURE SURVEY

Having specified the scope of the research, the litera-

ture was consulted to determine if previous studies of high

velocity propulsive water jets had been conducted. None

were found, but a closely related field - water jet cutting

of rock and coal - yielded a number of interesting and use-

ful articles. Nearly all of these stressed the importance

of proper nozzle design to obtain the best performance of

the water jet in cutting operations, yet different designs

were claimed to do the best job.

Leach and Walker [Ref. 2] studied the performance of

various nozzle configurations with a 1.0 mm exit diameter.

Driving pressures were 130 atm (1910 psi) and 600 atm (8820

psi), provided by a high pressure pump in continuous operation.

Testing was also done at a pressure of 5000 atm (73 s 500 psi),

provided by a pressure intensifier arrangement. After pre-

liminary testing of nozzles of widely differing internal

geometry, they found that a conical contraction followed by

a straight section of constant diameter had the best perform-

ance. Variations of the geometry of this design were then

further investigated to optimize the contraction angle of

the cone, the sharpness of internal corners of the cone

entry and exit, and the straight section length to diameter

ratio.

It was found that a cone angle between 6° and 20° with

sharp corners at the cone entry and exit yielded the best

12





results in terms of jet stagnation pressure at a distance

divided by driving pressure. Optimization of the length

of the straight section showed a dramatic increase in

performance for a length to diameter ratio of about three.

With their best design - diameter one mm, length of straight

section 2.5 mm, and cone angle 13° - Leach and Walker

showed only a 20 per cent loss at approximately 150 diam-

eters distance from the nozzle. Flow Reynolds numbers for

these final results were Re^ = 1.79 x 10 5 and 3-85 x 10 5
,

undnwhere Re
d

= u u
} u = initial jet velocity, d

Q
= nozzle

exit diameter, and v = kinematic viscosity of the fluid.

Subsequent tests varied the viscosity and surface

tension of fluids tested to determine their effects. Pol-

ymer solutions of 1/4 per cent and 1/2 per cent boosted

performance appreciably at all distances. A detergent

solution gave improved results at distances greater than

250 nozzle diameters.

Another important observation by Leach and Walker was

that the appearance of the jet was very misleading. In

normal lighting the jet appeared very broken up, yet by

backlighting and x-ray techniques their photographs showed

that actually there was a coherent core containing the bulk

of the fluid. This was surrounded by a fine mist or spray

which was a small fraction of the fluid issuing from the

nozzle.

Farmer and Attewell [Ref. 3] conducted a similar inves-

tigation for nozzles with an exit diameter of 1/16 in. (1.59
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mm) at a pressure of 700 kg/cm 2 (9954 psi) . Seven designs

were evaluated on the basis of how far the free jet would

conduct an electric current, thus obtaining the breakup

length of the jet. The reasoning was that the longer the

jet remained continuous, the more efficient the nozzle

design. Three of these nozzles had an inside contour

matching the streamlines of potential flow for contraction

angles of 70°, 60° , and 40° . No straight section followed

the contraction. These three had breakup lengths of 0.60,

0.55, and 0.65 m respectively. Another design, a simple

20° cone without any straight section, and with sharp

corners at the cone entry, had a breakup length of 0.60 m.

This nozzle was their selection for further study in rock

cutting, apparently because of its simplicity in manufacture.

One nozzle of the cone-and-straight-section type was tested

and performed poorly, with a breakup length of only 0.25 m.

The straight section length was not given, but the cone

angle was 45°, a rather abrupt contraction.

Larger scale testing of high velocity water jets has

been conducted by the U. S. Bureau of Mines and reported by

Palowitch and Malenka [Ref. 4]. These tests were made at

pressures of 3000 and 4000 psi, using nozzles of 3/8 in. and

5/32 in. diameter. Five different designs were tested to

obtain the pressure distribution in the free jet at a dis-

tance of 12 in. from the nozzle. The best performance was

obtained with a 22.5° cone shape followed by a straight

section that was 1.125 in. long (three diameters). The

14





pressure profile obtained with this nozzle at a 12 in.

standoff shows the jet to be concentrated within a

diameter of about 0.8 in. It gave a peak pressure of

about 3000 psi compared with a peak of 2400 psi for the

second best design. This nozzle design was used in actual

mining tests that followed.

Successful results with the cone and straight section

design were reported by Harris [Ref. 5] in tests conducted

at pressures of 10,000 psi, 30,000 psi and 50,000 psi, with

nozzle exit diameters ranging from 0.002 in. to 0.010 in.

These were used in a research program conducted by the

National Research Council of Canada to determine the feasi-

bility of cutting various materials commercially with water

jets. Further research in the range of 70,000 to 100,000

psi was planned and the nozzle design was considered adequate

for these purposes.

Oak Ridge National Laboratory has also instituted a

testing program for rock tunnel excavation by high pressure

water jets. The nozzles selected for these studies were of

the cone and straight section design, using a 13° cone

contraction angle and a straight section length of 2.5 times

the nozzle exit diameter [Ref. 6].

Rouse, et al, [Ref. 7] investigated methods of improving

fire monitor performance under a U. S. Navy contract with

the Iowa Institute of Hydraulic Research for a number of

years. Extensive facilities for full scale testing were

established and attention was focused on nozzle design and
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turbulence reduction in fire monitors. Nozzle exit

diameters ranged from 1.5 to 3 in. and water pressures

ranged from 50 to 200 psi.

The authors pointed out that all turbulence cannot be

eliminated but, as a minimum, the scale of turbulence can

be reduced by honeycomb installation in the monitor barrel

and by flow guide vanes at its bends. In firefighting

applications these flow straighteners are subject to foul-

ing and thus could not have very narrow passages. However,

improvement was found to occur in the stream stability even

by using the large passage flow guides.

With respect to nozzle design, it was considered most

important to eliminate sharp corners and abrupt transitions

in the contraction region. In addition, the authors con-

sidered that any cylindrical section following the contraction

would contribute to the turbulent eddies through boundary

layer effects, and thus concluded that this should be elim-

inated, or at least minimized. A series of different nozzles

based on the foregoing design criteria were tested. These

were systematic variations between a plain orifice and a 7°

cone, producing a jet of 1.5 in. at the vena contracta. A

second series of nozzles with cylindrical sections at the

exit and curved contraction regions of different radii of

curvature was also tested. These had a 1.5 in. exit diameter

and the contraction angle varied from 45° to 7°

•

Comparison between nozzles was made by a sampling tech-

nique to obtain the jet concentration pattern at a given
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distance. The best performing nozzle was one with a 30°

contraction angle, well rounded at the base, and without

a cylindrical section at the exit. This design was sub-

sequently tested by Leach and Walker [Ref. 2], but it did

not perform as well as did the cone and cylinder profile.

In reviewing the studies quoted, there are three nozzle

designs which, according to the researchers concerned,

perform best with respect to jet coherence and stability.

The methods and criteria for evaluating these three were

all different, as were the flow parameters in terms of the

Reynolds numbers obtained. An additional consideration in

selecting one of these is the ease of manufacture if a

large number of nozzles were to be produced for high pres-

sure applications.

Figure 2 shows the three superior nozzle designs, and

Fig. 3 presents the Reynolds number ranges covered by the

investigators quoted, including the present study.
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IV. - TEST FACILITY DESCRIPTION

A. DESIGN CONSIDERATIONS

Having established the need to select and test a

nozzle that could produce a coherent propulsive jet, it

was then necessary to adapt or construct a test facility

to allow making meaningful measurements and evaluations.

Most of the research cited in the literature concentrated

on small diameter nozzles, primarily because of the rock

cutting objective. It was considered important to verify

that the design selected would perform properly at the

larger diameter and higher Reynolds number of the proposed

transit system. Therefore, full scale testing of a 0.400

in. diameter nozzle at 3620 psi was desired, as was the

capability to check jet to bucket interaction in future

studies

.

Without considerable expenditures of time and funds,

it quickly became apparent that these objectives could not

be fully met. The following are the major constraints that

affected the system design:

1. Limited funds - make maximum use of locally available

materials

.

2. Limited space for test facility and associated piping,

3. Highest pressure source available was from bottled

nitrogen at 2000 psi via an existing multi-bottle

manifold and a 0-1500 psi pressure regulator.
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4. High flow rates required a fluid reservoir of

substantial volume.

The test facility that was built is shown in Figs. 4,

5, 6, 7, and 8. It provides four degrees of motion for

bucket positioning: parallel to the jet axis, transverse,

vertical and rotational. The bucket assembly is secured

in position by clamping and only stationary measurements

are possible. Maximum nozzle to bucket distance is 98 in.

The nozzle assembly is fixed and braced to prevent strain

on the piping connections from reactive thrust. All piping

is Schedule 80 seamless steel, rated for and hydrostatically

tested to 2000 psi. The capacity of the four inch diameter

reservoir piping is approximately one cubic foot, which

permits a run time varying from 2.5 sec to 4.5 sec for head

pressures of 1500 psi to 500 psi respectively.

lj. in. Diam
Pipe Reservoir

r?\

Strip
Recorder

Load Bucket
Cell

Water
Plow Control

N
2
SupplyM

N
2

Control

Water
Fill

HgHQ-l

Over- 0-1500 psi
flow Regulator

Fig. Ij.: Test Facility Schematic
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Pig. 5: Testing Facility

Fig. 6: Testing Facility With
Spray Covers in Place
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Pig. 7: Bucket Assembly

Pig. 8: Nozzle and Nozzle Block
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A one inch manually operated ball valve controls the

water flow to the nozzle. Nitrogen flow is controlled by

either a manually operated or a solenoid operated one inch

ball valve. One-quarter inch high pressure globe valves

are used for water filling and overflow as well as system

drainage.

Two plywood covers contain the water spray during

operation and are fitted with plexiglass panels to permit

observation of the jet. The covers slide in and are sup-

ported by angle iron attached to the outside of the axial

rails

.

B. NOZZLE DESIGN

The three nozzle designs shown in Fig. 3 were considered

for their suitability in achieving the coherent jet needed

for propulsive use. Since all three were claimed to give a

coherent, stable property to the water stream, the most

desirable method would have been to conduct tests of the

three designs to evaluate which one had the best performance.

Time limitations, however, required that only one be selected

on the basis of existing information.

The profile recommended by Rouse, et al, [Ref. 7] was

discarded because it had been developed using low pressures

and, when this design was used by Leach and Walker [Ref. 2]

in preliminary evaluations, it did not perform as well as the

cone and cylinder nozzle profile. It should be noted that,

while the two investigations had a forty-fold difference in

pressure, the Reynolds numbers differed by only approximately
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three-fold because of the diameters used. Farmer and

Attewell [Ref. 3] proposed the 20° cone without any

cylindrical section, yet shapes similar to this (6° and

13° cones) gave inferior results when tested by Leach and

Walker. The basis of evaluation was different for the two

studies which may account for the difference in conclusions.

Pig. 9 : Nozzle Details

The cone and cylinder nozzle design was selected for

use in the present study, and is shown in Fig. 9. In

addition to the performance comparisons discussed above

it had been successfully used in various high pressure

projects with a wide range of Reynolds numbers and with

nozzle diameters up to 0.375 in. [Palowitch and Malanka,

Ref. 4]. Finally, it could be manufactured easily because

of the simple geometry of its profile.

It was considered important to determine the optimum

length of the straight section for the nozzle fabricated,
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since the only studies of this effect were those of Leach

and Walker [Ref. 2], whose nozzle had a 1 mm diameter. For

this reason the nozzle was initially made with a straight

section length of eight nozzle diameters. The material used

was brass, and all internal surfaces were lapped and polished

to a visually bright finish. The diameter at the base of

the cone was matched to the inside diameter of the nozzle

block. An O-ring seal was used to avoid the possibility of

gasket protrusions into the flow. The nozzle block bore

diameter was machined to match that of the one inch pipe

threaded into it. Thus, a constant diameter straight section

length of 26.25 nozzle diameters (10.5 in.) preceded the

nozzle itself. A second nozzle was made with a matching

profile but a straight section length of 11 diameters to

obtain optimization data for longer nozzle lengths.

C. BUCKET DESIGN

Various methods of gauging or measuring the jet coherence

and nozzle performance were considered. Stagnation pressure

would have given the most accurate measure of jet velocity,

but the problem of valid measurements at positions where the

jet had fully or partially broken up argued against this

technique. Accurate positioning of a device such as a pitot

tube or a plate with an aperture did not appear to be feasi-

ble with the equipment that could be built and with the

intermittent operation that was necessary.

A more reliable and workable method appeared to be

measurement of the thrust generated in changing the jet flow
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direction by a bucket device. This had the disadvantage

of adding a bucket efficiency error to the calculation of

jet velocity, but it helped overcome the requirement for

precise positioning to obtain a good measure of the velocity.

Additionally j it was more closely related to the type of

equipment which would be used in the proposed transit system.

The Pelton bucket used in impulse turbines has a high ef-

ficiency and has evolved as the best shape to use for that

application. Unfortunately, its profile would have been

extremely difficult to fabricate with the shop facilities

available. To simplify the design, yet accomplish the jet

reversal, the bucket shown in Fig. 7 was conceived. It was

machined from aluminum and has curved portions of 0.75 in.

radii on 1.436 in. centers. The radii used were sized from

the Pelton bucket dimensions given by Spannhake [Ref. 8] for

a one inch jet. This larger size (one in.) was used to

allow for jet spreading at a distance from the nozzle. It

was realized that this design would introduce an inefficiency

in conversion of jet momentum to thrust, but by comparing to

an initial value of thrust at the nozzle exit, the error

could be taken into account. The bucket block is supported

by horizontal guides and is free to move within its receiver,

thus transferring the thrust developed to a load cell mount-

ed behind it.

D. INSTRUMENTATION

Measurement of the static water pressure just upstream

of the nozzle was accomplished by a Daystrom 0-1500 psi

variable reluctance type pressure transducer connected to
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a pressure tap in the nozzle block. The pressure tap was

one-eighth in. in diameter and was located one-half in.

behind the base of the nozzle contraction cone. Thrust

was measured by a 0-2000 lb capacity Baldwin Load Cell

which consists of a strain gauge and bridge circuit assembly

within a sealed container.

The pressure and thrust signals were recorded using a

two-channel Hewlett Packard 1062A Carrier Amplifier and

7702B Recorder unit. Both sensors were checked for linearity

and calibrated with their recording unit. A Volumetrics Co.

Model QCE - 1 Portable Quick Disconnect Pressure Console was

used for the transducer calibration, and a Baldwin Southwark

Emery Universal Testing Machine, Serial Number 35^30, was

used for the load cell. The load cell accuracy was within

0.2 per cent for a 1000 lb. range; that for the transducer

was within 1.0 per cent for a 700 psi range.

27





V. TEST PROCEDURES

Initial trials indicated that for four full bottles

of nitrogen, approximately ten runs could be made at a

nozzle head pressure of 500 psi before the supply of gas

was too low to maintain a constant value of thrust. For

a head pressure of 500 psi, the theoretical velocity is

279 ft /sec and the flow Reynolds number is 8.45 x 10 5
.

Since this value is of the same order of magnitude as the

Reynolds number for the investigation by Leach and Walker

[Ref. 2], it was decided that this would be a useful level

for conducting the nozzle optimization tests. This should

permit comparison of new data with their results.

Runs were commenced with a nozzle length of seven

diameters. Thrust and pressure were recorded for various

values of nozzle to bucket distance. During initial runs,

alignment of the bucket assembly with the jet axis was

accomplished with a sighting device which fitted into the

nozzle bore. This procedure was later discarded for the

more direct and reliable method of operating the jet at

low pressure and visually confirming that the jet impinged

on the flow splitter of the bucket.

The sequence for each run was as follows: fill the four

inch pipe reservoir to the point of overflow, ensuring that

trapped air had been expelled from the system up to the

nozzle exit; close drain valves and pressurize the system

to the desired level; start the recorder and open the water
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flow control valve; within two seconds, close the solenoid

valve switch and allow the system to blow down excess pres-

sure. This procedure yielded a steady value for the nozzle

pressure for an average duration of about three seconds.

Recorded values of thrust were irregular and fluctuating

for downstream portions of the jet where significant jet

breakup was observed, but quite smooth for runs close to

the nozzle, as would be expected. The traces were visually

averaged to obtain a value of thrust corresponding to a

value of nozzle pressure.

After obtaining a set of runs at various bucket locations

for a particular nozzle length, the nozzle was cut back to a

new length. This was repeated until the straight section

length was zero. This procedure was not wholly satisfactory,

since any questionable runs could not be repeated once the

nozzle was cut back. However, time did not allow the alter-

native of making up a series of nozzles of different lengths.

The jet obtained for various nozzle lengths was photo-

graphed to attempt to show its quality and make up. To

accomplish this, the jet was fired into a box containing wire

mesh screening to absorb the water, since the return spray

of the bucket completely obscured the jet. Various lighting

techniques and camera speed and shutter combinations were

tried. The best pictures were obtained by a diffused back

lighting with a shutter speed of l/500th sec. This technique

gives a shadow effect where the water in the jet is concen-

trated. The film used was high contrast 4x5 in. Type 51

Polaroid, exposed in a Graflex camera using the focal plane

shutter.
29





VI. DISCUSSION OF RESULTS

A. PHYSICAL RELATIONSHIPS

The basic measurements taken in the experimental

investigations were that of nozzle block pressure (P->)

and the thrust as measured at the bucket (Fm) . In subse-

quent paragraphs formulae are developed for relating the

ideal jet thrust to P-, , and an approximate relationship

is obtained for the reduced jet mean velocity at the

bucket (U2) in terms of the measured variables.

u

1

1

11

U-, IL_.
1 >—

A.
gHfc

A

x

Nozzle
Block

Nozzle Water Jet

u.

Impulse
Bucket

Fig. 10: Nozzle-Bucket Relationships

For the ideal situation it is assumed that the water

density is constant and that the nozzle design is such

that no velocity losses occur from the point of pressure

measurement (Pt) to the nozzle exit. The jet is assumed

to suffer no loss in mass during its travel from the
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nozzle exit to the bucket so that m = m . Finally, it is
2

'

assumed that the bucket reverses the flow with no loss so

that for the ideal case u- - -u .

3 2

1. Nozzle

Application of the Bernoulli equation to the flow

between the pressure tap and nozzle exit, (Fig. 10) yields

u
1 _ u,

Y 2g 2g

where: P-,, u-, = Gage pressure and mean velocity at
pressure tap

u_ = jet exit mean velocity

g = acceleration of gravity

Y = specific weight of water.

Rearranging (1):

2P-,

(1)

ut = u? +
S '1 ' p

From conservation of mass:

(2)

U
1
A
1 = U A (3)

where A
l>

A = cross sectional area at pressure tap and
nozzle exit, 0.781 in. 2 and 0.125 in. 2

.

Substituting (3) into (2):

u
o

2P A 2

_p(A*-A*)

1/2

= 1.03 P
x

1/2
(4)

2. Bucket

Definitions

:

= Nozzle exit diameter

Fth = Thrust available at bucket = 2mu
2
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F = Thrust available at nozzle exit = 2mu

Fm = Measured thrust

Fmo V = Maximum measured thrust
max.

I = Nozzle straight section length

nB
= Bucket efficiency = Fm/Fth

m = Mass flow rate

U2 = Mean jet velocity entering bucket

Uo = Mean jet velocity leaving bucket

x = Nozzle to bucket distance.

Therefore,

u
2

Fth Fm
u Fi " B

F
1

The thrust available at the nozzle exit is

(5)

F
±

= 2m u
Q

= 2pA u 2 = 0.51^ P
2

Substituting for F. in Eq. (5):

U
2

Fm
u^ = 0.514 n B

P
1

(6)

Equation (5) only applies to a coherent jet where

the amount of spray is small so that m - constant ._ This

fine, low density spray was noted by Leach and Walker

[Ref. 2] and is clearly shown in their x-ray and diffused

lighting photographs. Farmer and Attewell [Ref. 3] also

noted the "vapour cloud" surrounding the solid core of a

coherent water jet.
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For small distances from the nozzle, u
2 s u„ , thus

giving an estimate of the bucket efficiency,

*B x Fmax
(7)

Fi

Assuming n B is constant, u
2
/u may be further

simplified to:

u
2

P.

^ (8)u„ F
max

B. NOZZLE OPTIMIZATION

Data obtained for the nozzle optimization runs was put

in nondimensional form by expressing the distance from the

nozzle and the length of the straight portion of the nozzle

in terms of nozzle diameters. This gives a range of dis-

tances from 2 to 246 nozzle diameters, and a range of

nozzle length from 1 to 11 diameters, based upon the nozzle

diameter of 0.400 in. Relative performance was expressed

by the ratio of the thrust obtained at a given position (Fm )

to the maximum thrust (Fm . v ) obtained for that nozzle length
md.x

In all cases except the zero length nozzle, the maximum

thrust occurred at the nozzle exit. Since some runs fell

below the 500 psi desired, all data was processed for 480

psi.

The data was found to have considerable variation for

some runs at distances greater than 150 diameters. This was

considered to be due to two factors: the increasing dif-

ficulty in aligning the bucket with the jet at longer
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distances, and the jet breakup and spreading which would

cause incomplete turning of the jet by the bucket. In

some instances an attempt was made to repeat these partic-

ular runs with better alignment, but this usually yielded

only marginal improvement and was a costly procedure in

terms of nitrogen gas supply. Additionally, for the runs

concerned, the jet was of generally poor quality so that

the data for these regions would not be particularly use-

ful for application to a propulsive jet.

Testing was begun with a nozzle length of seven diameters,

but as data was accumulated, it became apparent that per-

formance was gradually decreasing as the nozzle was shortened.

Therefore, a second nozzle with a straight section length of

10.95 diameters was made up to cover a wider range of £/d
Q

.

The second nozzle was made to match the first as closely as

possible. Time did not permit testing this nozzle for any

length less than eight diameters.

To put the data in a usable form, smooth curves of the

performance had to be constructed. A computer curve fitting

routine such as the least squares method was considered, but

the difficulty of assigning proper weighting factors to each

data point could not be resolved. Therefore, curves were

fitted to the data manually. In doing this, the difficulty

of bucket alignment at large x/d
Q

was taken into account by

giving greater credence to the higher values of thrust that

occurred.

Although data was obtained for a zero nozzle length,

it was not used in assembling the results because a higher
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value of thrust was produced at x/cL = 28 than at the

nozzle. At distances greater than 2 8 diameters, thrust

was again lower and, in general, performance was poor.

The effect of an increasing, then decreasing thrust as

the bucket was moved away from the nozzle is due to the

formation of a vena contracta near the nozzle.

Figures 11 and 12 present the relative performance

(Fm/Fmax ) and the performance (Fth/Fi ) using Eq . (6)

versus the nozzle to bucket distance. Results for even-

numbered nozzle lengths are used as a representative set,

rather than attempting to show all the values obtained.

The variations, or scatter of data mentioned previously,

are apparent in both of these plots. To compute the per-

formance shown in Fig. 12, a bucket efficiency of 86.7 per

cent was used. This was computed from Eq. (7) and was

the highest value of ng obtained for all the testing done.

It occurred for a nozzle length of one diameter, which is

consistent with the fact that pipe drag losses will be

lowest in the shortest length nozzle.

Figure 13 illustrates the effect of nozzle length on

the thrust achieved at the nozzle exit compared to the

thrust ideally available (F /F. ) . As would be expected,J max i f »

this ratio is reduced for longer nozzle lengths, in accord-

ance with pipe drag theory. On this basis, it would be

preferable to use the shortest nozzle straight section

length consistent with good jet quality when selecting a

particular nozzle configuration for propulsive water jet

applications

.
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Figure 14 shows the overall trend of performance with

increasing length of the nozzle straight section. Increas-

ing performance was obtained up to l/d
Q

z 4 with a leveling

off through the range of four to eight diameters, then a

gradual decrease up to l/d
Q

= 11. Not too much confidence

is attached to the peak shown at seven diameters, since this

was the first data run made. The experience gained in

operating the test facility gives increased confidence in

the data accumulated during subsequent testing.

These results differ from those of Leach and Walker [Ref

2] in two respects. First, their peak performance for a

nozzle length of two to four diameters did not occur in the

present study. Second, performance remains relatively good

in the range of four through seven diameters, whereas their

results show a rapid decline for lengths longer than four
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diameters. The difference in the results is thought to

be partly due to a higher level of turbulence in the flow

arriving at the nozzle for the present study. Thus the

longer nozzle lengths may be acting as a quieting section

for the water before it leaves the nozzle. Confirmation

of this could be achieved in future studies by providing

a longer constant diameter section before the nozzle or by

inserting honeycomb material to reduce the scale of turbu-

lence .

With respect to the best performance achieved in each

study, Leach and Walker obtained 75 per cent of the nozzle

pressure at a distance of about 175 to 180 diameters, which

is in agreement with the present study as seen in Fig. 14.

C. PHOTOGRAPHIC RESULTS

Photographs of the water jet were taken to assist in

illustrating the differences between the jet coherence for

various nozzle lengths. Figures 15 through 17 are repre-

sentative of the results obtained. As previously mentioned,

in normal lighting the jet appears to be a disintegrated

spray as seen in Fig. 15. Strong, diffused backlighting

allows photographing only the dense core of the jet as

shown in Figs. 16 and 17. Direction of jet travel is from

right to left. The center of the field of view is at approx-

imately 30 diameters distance from the nozzle and spans a

length of about 50 diameters. The jet of Fig. 16 is of good

quality and is about three-fourths in. in diameter at its

narrowest part while that of Fig. 17 is of poor quality and
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Fig. 15: Typical Appearance of Jet in
Normal Lighting: £/dn = 6.
Camera: 1/200 sec £ 4.7.

Core of
Camera:

a Coherent Jet;
1/500 sec, f 4

£/d
Q

= 10.95

Fig. 17: Core of Low Performance Jet;
Camera: 1/500 sec, f 4.7.

£/d
Q

=
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is about two in. wide in the core. The fairly dense

region surrounding the core in Fig. 17 indicates that

the jet is rapidly disintegrating, which was confirmed

by the thrust measurements for that nozzle length.

D. ANALYTICAL RESULTS

One objective of this study was to develop an analyti-

cal model to predict the velocity loss with increasing

distance from the nozzle exit. The expressions derived

and their development are contained in Appendix A.

A purely analytic approach failed to predict large

enough velocity losses to account for those obtained

experimentally. Therefore, a simple mathematical model

was derived based upon an empirical friction factor as

follows

:

" -2
u_

u,

PA x
1 + ^ f ^4

where: f = constant.

It was found that a value of f = 0.7 approximates the

velocity falloff in a jet of good performance as shown in

Fig. 18. The experimental values shown are for a nozzle

length of five diameters and are computed using Eq. (8).

A coherent jet and a constant bucket efficiency are thus

assumed to allow making this calculation. However, based

upon the performance at £/d
Q

= 5, this assumption appears

to be valid. Good coherence was confirmed visually for the

first two-thirds of the jet length during testing, and it is

also evident in the photographs taken.
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As a result of the analysis done, it appears that a

very high friction factor applies, especially when typical

values of f for pipe flow are in the vicinity of 0.05. It

is evident that the phenomenon involved in the turbulent

shear on a water jet is very different from that operating

in other types of flow. Part of the reason that f is so

high is that it is multiplied by the ratio of air density

to water density (= 1.2 x 10~ 3 ). Thus, to account for the

high rate of velocity reduction, f must be large. It is

also possible that because of the spray that exists, a

different density ratio would be appropriate in this case.

It must be stressed that the friction factor of 0.7 can

only be applied for the limited study completed (Re =8.45xl0 5
)

Further testing for a range of Reynolds number must be done

to determine the variation of f. Only then can the use of the

relation developed be extended to other situations of free

jet velocity loss.
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VII. SUMMARY

A. CONCLUSIONS

The following conclusions can be made based upon the

experimental data developed and the investigation conducted.

1. Previous research of the nozzle designs required

to produce coherent high velocity water jets has

found that the cone and cylinder profile is best

suited for this purpose.

2. The results of the present study show that, for

the nozzle tested (17.8° cone angle, 0.^00 in. exit

diameter, 0.957 in. inlet diameter) the optimum

length of the nozzle straight section following

the cone is about four to five nozzle diameters.

This does not agree with the optimum length of two

to four diameters recommended in the literature.

3. For application of the nozzle design tested to the

transit system proposed by Beckwith [Ref. 1], the

curves of Fig. 14 can be used to predict the maximum

distance allowable between buckets. If, for example,

a 25 per cent loss in thrust can be allowed, bucket

spacing should be no more than 185 diameters or 7^ in.

This requires 33 buckets for a 200 ft long vehicle.

For allowable 10 per cent thrust loss, spacing should

be no more than 65 diameters or 26 in. , which requires

93 buckets for the same vehicle. However, since the
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curves were developed for a pressure of 480 psig,

they may not be valid for the transit system design

pressure of 3620 psig.

4. An empirical model was developed which predicts the

velocity reduction with increasing standoff distance

from the nozzle tested and at the Reynolds number

for the investigation. A friction factor of 0.7

was found to give correlation with the data. The

use of this relation is restricted to the present

case until further correlations are made.

5. The test facility constructed is adequate in dura-

bility but somewhat inconvenient to use.

B. RECOMMENDATIONS

To improve upon the validity of the present study and

to investigate other areas of interest, the following recom-

mendations are pertinent:

1. Extend the performance and optimization study to

higher pressures.

2. Improve the capabilities of the test facility as

follows

:

a. Provide a solenoid operated cutoff valve as

near the reservoir as practicable to conserve

the gas supply.

b. Either redesign the bucket to provide higher

efficiency, or modify the system to record jet

stagnation pressure.

c. Redesign the spray covers to reduce annoying

water leakage.

46





d. Provide a means of reducing the scale of

turbulence of the flow entering the nozzle

either by honeycomb material or a longer

constant diameter section.

e. Provide more precise bucket positioning control

by the use of jack-screws. This would also

reduce time between runs, but might reduce

capabilities in terms of strength.

3. Investigate the effects of nozzle to bucket angular

misalignment as might occur on curved portions of

the proposed transit system.

4. Investigate the possible benefits of polymer solu-

tions in terms of jet coherence as well as decreased

pipe drag and bucket flow losses.

5. Obtain high speed motion pictures of the jet to study

the mechanisms of jet disintegration. The results of

this study might lead to a more precise formulation

of the velocity loss of a high velocity free jet.
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APPENDIX A - JET VELOCITY LOSS ANALYSIS

Nozzle
Exit Control

Volume

(a)

n r

u

(b)

Fig. A-l: (a) Water Jet Control Volume
(b) Assumed Velocity Profile

A. LIST OP SYMBOLS AND DEFINITIONS

A s Ap Simplifying combinations of constant properties

Cj, C2 Constants of integration

c^' Local coefficient of skin friction

c
f

Total coefficient of skin friction

d Diameter

f Friction coefficient

k_ Equivalent sand roughness

L Total length of jet

m Mass flow rate
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x,r Axial and radial distances

u Mean velocity in x-direction

U Mean velocity in x-direction at r = °°

p Density

v Kinematic viscosity

t Shear stress

Subscripts , Superscripts

Value at nozzle exit

A Air

W Water

* Nondimensional parameter or form

w Value at wall or boundary

x x-direction

B. ASSUMPTIONS AND LOGIC

1. Turbulent fully developed flow within fluid as

it leaves the nozzle; therefore a nearly flat

velocity profile and u = u(x); 3u/3r = 0. The

simplification resulting from this assumption

leads to a first order approximation for the

rate of jet growth near the nozzle exit.

2. Coherent jet with insignificant spray loss;

therefore primary losses due to shear on water

boundary

.

3. A free jet; therefore pressure is constant and

control volume is in equilibrium with respect to

pressure forces.

4. Velocity decreases with increasing x, 3u/3x < 0.
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5. PW , P A , ^W» V A
are constant -

6. Insignificant loss to spray and constant p w
requires

that jet enlarges with decreasing velocity, there-

fore r = r(x)

.

C. JET RADIUS-VELOCITY RELATIONSHIPS

Applying conservation of mass to the control volume in

Fig. A-l:

m = Trp wr
2 u = 7rp wr

2 u

1/2

r = r„^ CD

dr = -l/2u
Q
V 2 r

Q
u 3/2 du (2)

D. FORCE-MOMENTUM BALANCE

Applying conservation of momentum:

I Forces = A Momentum
x x

-t
r
(27Trdx) = -mu + m(u + du)

w

= -(p W Trr 2 u)(u) + [p W Tr(r+dr) 2 (u+du)][u+du]

Dropping higher order terms and products:

T

- -^ dx = ru-du + u 2 dr
P W

Substituting (1) and (2) for r, dr:

Tw
dx = 1/2 u*/ 2 u 1 / 2 du

r p W

2Tw
,» dx (3)ul/2du = Vw UQ V "

'
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E. EVALUATION OF SHEAR STRESS

Assumptions

:

1. Overall flow can be considered to be analogous

to the case where the jet is stationary and air

at r = °° is moving at a velocity of u(x) to the

left.

2. Considering the jet boundary as a "solid" surface,

xw (x) can be approximated by established results

for turbulent flow over a plate at zero incidence.

Relationships from Schlichting [Ref. 9] give xw for

turbulent flow over smooth and rough plates which can be

applied if (L-x) is used as the distance parameter to allow

i„ to be a maximum at the end portion of the jet and aW co
minimum at the nozzle. This is because the x-coordinate

direction used to describe the flow for the flat plate is

the reverse of that being used in this analysis for the

same direction of air flow. These relations for xw apply

within a limited range of Reynolds numbers, namely

5x10 5 < Re
L

< 10 7
. Here ReL

= °°L
, where U^ = free-

stream velocity, L = length of plate over which the fluid

acts, and v = kinematic viscosity of the fluid. However,

it is pointed out by Hoerner [Ref. 10] that agreement is

good up to Re
T

z 5x10 8 and can probably be extended up to

10 10 without extensive error.
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F. SMOOTH JET BOUNDARY

Taking first the case of the smooth plate

'f = w -1/5

l/2p U *
= 0.0592 (Re )" /

where c^' is the local skin friction coefficient.

Substituting (L-x) for the length and allowing the

velocity to be a variable corresponding to that locally

found in the jet:

tw
= 0.0296 p Au

: A

u(L-x)

1/5

Tw
= 0.0296 P AU

9 /5 ^1/5
( L_x)-l/5

Application of (4) to (3) yields a differential

equation in u and x:

(4)

u-i3/io du = _ 2

integratinS

r p w
u

0.0296 p A v fl

l/5 (L-x)" l/5 dx
1/2 A A

where

u-3/io = _a
i
(L-x) 1+ / 5 + C

1

A - Q - Q 222 PA 1/5A
l "

u 1/2 ^ - A
1/5

r
o

The boundary condition is:

x = , u = u
Q

.

Applying the boundary condition, C, is evaluated, giving:

u-3/lQ = Uq-3/10 + Al [iV 5 - (L-x)] 4 / 5 (5)
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It is noted that this expression requires that the distance

L approach °° for the jet velocity to approach zero, owing

to the decreasing shear acting upon it. If, for example,

the integration had been executed using a constant shear

value, then the jet could come to rest at a finite distance.

It should also be pointed out that, because of the assumption

of no mass loss, yet a decreasing velocity, Eq. (1) requires

that the jet radius approach an infinite size to allow the

velocity to approach zero. However, since the analysis is

not expected to be applied at long distances, these unreal-

istic and conditions of the relations developed are not

relevant

.

Equation (5) is non-dimensionalized by introducing the

following parameters:

u* . u .

u '
:* = 2L_ . L * = —

which yields upon rearranging:

u* = 1 + 0.0444(Re H )

_1 / 5 -^
d p

'A

w L
vwj

1/5
L *«+/5

x*.Ws
-10/3

(6)

To evaluate this equation, an overall jet length must be

specified and the limits on x are then from zero to that

length. For a given set of physical properties the vari-

ables are the Reynolds numbers based upon the initial jet

diameter, the overall travel of the jet, L*, and the dis-

tance downstream, x*.

For lack of a clear cut criterion, Eq. (6) was eval-

uated on the basis of the nozzle velocity attained in the
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present study (279 ft/sec) and the Reynolds number (Re )

of 10 10
. This yields a permissible length of jet travel,

L*, of 832 diameters for the nozzle diameter of 0.400 in.,

and calculations were therefore made using L* = 1000.

Owing primarily- to the low density of air, the model

predicts only a 0.5 per cent velocity dropoff at x*/L*=1.0.

This formulation then is obviously of no value in predict-

ing velocity decrease in a coherent jet.

G. ROUGH JET BOUNDARY

Turning now to the supposition that the boundary of the

coherent jet is not smooth, but ruffled by the shear action

of the air moving relative to it, relationships for the skin

friction coefficient for turbulent flow over rough surfaces

are applied. This introduces yet another variable; the

degree of equivalent aand roughness, k . Taking the rela-

tionships presented by Schlichting [Ref. 9] for c^' and c^;

-2. 5

f '(x)
=

c
f
U) =

2.87 + 1.58 Log g-
s l

1.88 + 1.62 Log
k.
's J

-2. 5

(7)

(8)

we again apply the distance substitution of (L-x) to allow

for the difference in x-coordinate direction. Substitution

of c ' for t in Eq. (3) and showing the integration limits
1 w

on u and (L-x) yields
(L-x)

U-3/2 dU =

roV /2
A
'w

c
f
'(L-x)dx (9)
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By integration of (9),

Uq-1/2 - u-4/2.
r u l/ 2

c~ (L-x) (10)

Rearranging and putting in dimensionless form,

u

where

* =

* =

P A
1 + 2 -£ x * c f

*

L
pw

f
.

-2
1

(11)

1.89 + 1.62 log

d

1 -
_ X*

L*

-2 . 5

Again it is seen that a jet length must be specified to

determine the effect of the air flow on the assumed jet.

An equivalent roughness must be specified and, in the form

dnpresented J± j_t can be expressed as a percentage of the
k
s

initial jet diameter. Because of the cancellation of

velocity terms, the form of Eq. (11) is independent of

Reynolds number, which belies intuition. However, in

accordance with Eqs . (7) and (8) the local and total skin

friction coefficients are also independent of Reynolds

number, being functions of distance and equivalent sand

roughness only. By specifying an initial velocity, Ug

,

we are in effect applying a Reynolds number in the equation,

but this is factored out in the non-dimenaional form of Eq.

(11).

Evaluation of Eq. (11) was done using non-dimensional

jet lengths of L* = 1000, 500 and 100 diameters while vary-

ing the roughness factor in each of the three cases. An

improvement was obtained over the smooth surface assumption,

55





but velocity decrease close to the nozzle was still very

small compared to that actually found to take place. For

example, at a distance of 100 diameters from the nozzle,

with the jet length of 1000 diameters, and for a roughness

of half the diameter, only four per cent reduction in

velocity was predicted. The results are plotted in Pig. A-

2

and it can be seen that only by using unrealistically long

jet travel distances, L*, could the dropoff in velocity be

close to that actually occurring.
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Fig. A-2: Velocity Decrease for Rough Jet
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One possible method of making the above models

predict the observed velocity decrease is to assume that

the density of the fluid shearing the jet boundary is not

that of air but that of some air-water spray mixture. How-

ever, this method is basically an even more empirical one,

and still presents the difficulty of assigning an appro-

priate length of jet travel and, in the case of Eq. (11),

a jet roughness. Additionally, the equations as developed

are somewhat inconvenient to handle computationally, and

they do not satisfy the objective of a simplified model of

the jet velocity loss. Because of this, the analytical

approach of obtaining the shear stress was abandoned and an

empirical relation was attempted.

H. EMPIRICAL APPROACH

In a paper on liquid-vapor interactions in a condensing

ejector, Levy and Brown [Ref. 11] successfully used a fric-

tion coefficient to predict some characteristics of a liquid

jet acted upon by a surrounding high velocity steam flow.

Adopting this approach, we define a friction coefficient as

follows

:

f -
Tw

1/2 p Au
z

where f is taken as a constant. Substitution of Eq. (12) in

Eq. (3) yields the differential equation:
u

u-3/2 du = - 2f fA
\ dx

V/2do'
wJ

o
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Integrating and rearranging,

u_

u.
i + !a

p w

-2

(13)

Introducing u* and x* as defined earlier:

u* = 1 + A
2

x* -2
(14)

where

:

A = °-±
2 PW f

A comparison of Eq. (14) with Eq. (11) shows that they are

of the same form, with f = 2C^*. The basic difference in

the two relations is that f is assumed constant whereas C~*

varied with roughness and distance.

Evaluation of Eq. (11) was accomplished for different

values of f. Standard densities for air and water were

used to compute A„ . The results are contained in Fig. A-3 5

and the velocity decrease with distance was found to be

sufficient to bracket that actually measured in turbulent

jets.
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Pig. A-3 : Empirical Model of Velocity Falloff
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